This study explores the impacts of assimilating all-sky infrared satellite radiances from Himawari-8, a newgeneration geostationary satellite that shares similar remote sensing technology with the U.S. geostationary satellite GOES-16, for convection-permitting initialization and prediction of tropical cyclones with an ensemble Kalman filter (EnKF). This case studies the rapid intensification stages of Supertyphoon Soudelor (2015), one of the most intense tropical cyclones ever observed by Himawari-8. It is found that hourly cycling assimilation of the infrared radiance improves not only the estimate of the initial intensity, but also the spatial distribution of essential convective activity associated with the incipient tropical cyclone vortex. Deterministic convection-permitting forecasts initialized from the EnKF analyses are capable of simulating the early development of Soudelor, which demonstrates encouraging prospects for future improvement in tropical cyclone prediction through assimilating all-sky radiances from geostationary satellites such as Himawari-8 and GOES-16. A series of forecast sensitivity experiments are designed to systematically explore the impacts of moisture updates in the data assimilation cycles on the development and prediction of Soudelor. It is found that the assimilation of the brightness temperatures contributes not only to better constraining moist convection within the inner-core region, but also to developing a more resilient initial vortex, both of which are necessary to properly capture the rapid intensification process of tropical cyclones.
Introduction
Despite decades of effort, accurate prediction of tropical cyclone (TC) rapid intensification (RI) remains challenging. The intensification of TCs has limited predictability since it involves a complex interplay among multiscale dynamics, including but not limited to environmental flow and TC vortex interaction, air-sea exchange, and mesoscale and microscale convective, microphysical, and radiative processes. Zhang and Sippel (2009) found that multiscale interactions between the chaotic nature of moist convection and vortex flow intrinsically limits the predictability of TCs. Small initial condition errors in the moisture field, together with the influence of environmental conditions such as sea surface temperature and vertical wind shear, induce large variability in the distribution of convection and thus large intrinsic uncertainty in forecasts of TC intensification (Tao and Zhang 2014; Zhang and Tao 2013) . As is also demonstrated by Rappin et al. (2013) , for skillful intensification forecasts of TCs, accurate representation of initial atmospheric conditions on a variety of scales with data assimilation is essential. Emanuel and Zhang (2017) found that initialization of tropospheric moisture plays a significant role in the evolution of forecasted TC intensity that adds to the uncertainties from the impact of initial vortex intensity and varying environmental conditions .
Recently, assimilation of observational data on the convective scales that are essential to the TC life cycles has been explored. The assimilation of Doppler radar observations with an ensemble Kalman filter using a convection-permitting numerical weather prediction model has demonstrated significant improvement in TC intensity and precipitation forecasts (Zhang et al. 2009 (Zhang et al. , 2011 Aberson et al. 2015; Zhang and Weng 2015) . Flight-level Doppler radar and dropsonde observations from airborne surveillance have also been shown to improve forecasts (Wu et al. 2012; Weng and Zhang 2016) , but those observations are temporally and spatially limited. Because observations over tropical oceans are mainly satellite-based, the utilization of satellite radiance data has great potential in further improving TC forecasts. Given the need and importance of high spatiotemporalresolution observations, the new-generation geostationary satellites-the Advanced Baseline Imager (ABI) on board the Geostationary Operational Environmental Satellite 16 (GOES-16) in 2016 (hereafter GOES-16 ABI), and the Advanced Himawari Imager on the Himawari-8 satellites in 2014 (hereafter Himawari-8 AHI)-were launched. Both new-generation geostationary satellites contain 10 infrared channels with 2 km 3 2 km spatial resolution and produce new images every 10-15 minutes in their routine surveillance mode, which can be further refined to as high as every minute for targeted areas and targeted storms. The lack of in situ observations enhances the importance of remote sensing data in the northwest Pacific region (Wu et al. 2005) , where Himawari-8 AHI mainly monitors.
Many studies have shown positive impacts in assimilating clear-sky brightness temperatures for numerical weather prediction (Wang et al. 2015; Zou et al. 2013; Zou et al. 2015) . However, the use of all-sky satellite data has been grossly limited, partly because of the strong nonlinearity of cloud-affected radiances to dynamic and thermodynamic atmospheric profiles. Since the inner core regions of tropical cyclones are typically covered by clouds, existing studies on assimilating satellite radiances for TCs have been mostly focused on the clear-sky observations away from TC cores (e.g., Wang et al. 2015; Zou et al. 2013; Zou et al. 2015) . Removal of cloud-affected radiances misses potentially beneficial information from the cloud-covered TC inner-core region. Given the need for cloudy-radiance assimilation, several investigators have already conducted studies to estimate the impact of assimilating all-sky infrared brightness temperatures on numerical weather predictions. Vukicevic et al. (2004) showed that assimilation of radiances from the 10.7-mm channel on GOES-9 can be used to eliminate spurious model clouds. Vukicevic and Sengupta (2006) also showed that multichannel radiance assimilation generally leads to better forecasts. Jones et al. (2013 Jones et al. ( , 2014 and Otkin (2010 Otkin ( , 2012 conducted observing system simulation experiments (OSSEs) with synthetic all-sky GOES-16 ABI infrared radiances to estimate their potential impact on the prediction of severe weather events. These cloudy radiances provide information on the vertical structure of the moisture field and cloud concentrations (Jones et al. 2014) . Zhang et al. (2016, hereafter ZMC16 ) demonstrated improved TC inner-core initialization following the assimilation of all-sky infrared satellite radiances through a series of convection-permitting OSSEs and GOES-13 real-data assimilation experiments.
In this study, we investigate the rapid-intensification stages of Typhoon Soudelor (2015) . Soudelor was the thirteenth named typhoon in northwestern Pacific Ocean in 2015. A few weeks after Himawari-8 started operational monitoring (7 July 2015), Soudelor developed from persistent deep convection over a consolidating low-level circulation center located approximately 400 km north of Kwajalein Atoll in the Marshall Islands. The Joint Typhoon Warning Center (JTWC) issued a TC formation alert on the tropical depression system on 30 July 2015. Propagating westward, Soudelor reached its maximum intensity of approximately 907 hPa around 4 August, according to the JTWC best track estimate, and was the strongest typhoon in northwestern Pacific Ocean in 2015. Soudelor later caused tremendous damage as it made landfall first on Taiwan and then southern China. The track and intensity of Soudelor from genesis to landfall in Taiwan are depicted in Fig. 1 . Soudelor's entire life cycle was located within the coverage of Himawari-8 and observed by full-disk scan with a 10-min temporal frequency.
This study is a follow-up of ZMC16's investigations with observing system simulation experiments that have shown the capability of capturing detailed asymmetric structure of TCs, such as primary rainbands, an eye, and even individual convective clouds, through all-sky infrared radiance assimilation. The purpose of this study is to assess how the improved representations of those structures contribute to the prediction of TCs. This article is organized as follows. Model and experimental designs are described in section 2. The performance of assimilating observed brightness temperatures by Himawari-8 is given in section 3. The sensitivity experiments to highlight the impacts of moisture and vortex initializations are discussed in section 4. Concluding remarks are provided in section 5.
Methodology and experimental design
a. Forecast and radiative transfer models: WRF and CRTM
This study uses the Advanced Research version of the Weather Research and Forecasting (WRF-ARW) Model, version 3.6.1. WRF-ARW is a fully compressible, nonhydrostatic mesoscale model (Skamarock et al. 2008) . Our model configuration uses three two-way nested domains with horizontal grid spacing of 27, 9, and 3 km, which contain 378 3 243, 297 3 297, and 297 3 297 grid points, respectively. A moving nest is used for the finer two domains (D2 and D3) to follow the center of the TC vortex (Fig. 1) . All domains use 61 vertical levels with the model top set at 10 hPa in a stretched vertical grid. The WRF single-moment 6-class mixed-phase microphysics scheme (WSM6) (Hong and Lim 2006) , the Yonsei University planetary boundary scheme (Hong et al. 2006) , and the Rapid Radiative Transfer Model (RRTM) longwave and shortwave radiation schemes (Iacono et al. 2008 ) are applied for all domains. The Tiedtke (1989) cumulus parameterization scheme was only applied to the coarsest (27 km) domain.
We use the Community Radiative Transfer Model (CRTM: Han et al. 2006 Han et al. , 2007 Weng 2007) as the forward model to convert between the model and observation space. CRTM is a rapid forward radiative transfer model developed by Joint Center for Satellite Data Assimilation (JCSDA). The simulated brightness temperatures are computed with the successive order of interaction (SOI) forward solver (Heidinger et al. 2006) using the OPTRAN code from CRTM.
b. Data assimilation system: WRF-EnKF
As in ZMC16, we use the ensemble Kalman filter (EnKF) data assimilation system (Zhang et al. 2009 (Zhang et al. , 2011 Weng and Zhang 2012, 2016; ZMC16) developed at The Pennsylvania State University (PSU), which is built around WRF-ARW and CRTM. This CRTM-integrated data assimilation framework enables us to directly assimilate all-sky brightness temperatures (BTs) with high temporal and spatial resolution into the PSU WRF-EnKF analysis and forecast system. The covariance relaxation method of Zhang et al. (2004) with coefficient 5 0.75 is applied. For simplicity and for preparation of more efficient implementation in future real-time applications, we assimilate only one of three water vapor channels of Himawari-8 AHI (channel 8: wavelength is 6.19 mm) every 1 h (which is slightly different from the OSSEs in ZMC16 that used all three water vapor channels assimilated every 10 min). Channel 8 is sensitive to upper-level moisture in the clear-sky regions and to the cloud tops in the cloudy regions. Because the three water vapor channels are strongly correlated (with correlation coefficient . 0.9, particularly in the cloudy regions that covers most of D3), assimilation of the other two water vapor channels is expected to produce similar results. Observed BTs are first interpolated to fit the forecast model grid and assimilated assuming a minimum observation error of 3 K. To alleviate large representativeness errors when assimilating all-sky BTs-especially relevant to cloudaffected BTs-we employ the adaptive observation error inflation (AOEI) method used in ZMC16 and Minamide and Zhang (2017) . By using AOEI, we adaptively estimate the observation error variance s Minamide and Zhang (2017) , we assume the value of 3 K as uniform-distributed uncorrelated observation error composed of instrument noise and flow-independent component of representative error, which is consistent with other studies such as Otkin (2012) and Honda et al. (2018) . Following the AOEI algorithm, each observation is either assigned an error of 3 K or an adaptively inflated value for the observation error. Similar to Minamide and Zhang (2017) , the successive covariance localization (SCL) method proposed by Zhang et al. (2009) is applied in this study. SCL is designed to capture both convective-scale and largescale structures with a combination of small and large covariance localization distance. Also similar to ZMC16 and Minamide and Zhang (2017) , we assimilate each single BT observation that is thinned to the center of a 12 km 3 12 km box with a 30-km radius of influence, and each single BT observation that is thinned to the center of a 18 km 3 18 km box with a 200-km radius of influence in the finest domain. The observation density of 12-km spacing is chosen to resolve the minimum model effective horizontal scale (4 km 3 3 km grid spacing model domain) to capture the convective-scale structures. The other observation density of every 18 km in spacing is chosen to balance the total number of the observations for large-scale structures to be about the half of observations for updating convective-scale structures, which is the ratio originally and empirically used in Zhang et al. (2009) . For the covariance localization radius, we used 30 km for smaller scale because it minimized the rootmean-square error (RMSE) of hydrometeor fields that are more directly related to the convective activity (not shown; the OSSE experimental design can be found in ZMC16). We did not see a clear dependence of RMSE on the localization radius for other variables. Thus, here, we use 200 km following Otkin (2012) , ZMC16, and Honda et al. (2018) . We acknowledge that the specification and selection of the observation error and density, as well as the covariance localization, are largely empirical in nature. All of these should be further systematically explored in the future to maximize the benefit of assimilating high spatiotemporal resolution geostationary all-sky satellite radiance for TC analysis and prediction.
c. Experimental design
The National Centers for Environmental Prediction Global Forecast System Final Analysis (NCEP GFS FNL) is used to generate the initial and boundary conditions. The use of FNL analysis is to focus the study on the initial condition uncertainty in tropical cyclone prediction with a limited-area model. A 60-member ensemble is initiated at 0000 UTC 31 July by adding perturbations derived from an application of WRF's three-dimensional variational data assimilation (3DVar) using the cv5 flowdependent background error covariance option (Barker et al. 2004) to the 3-day forecast initialized from FNL at 0000 UTC 28 July 2015. The ensemble is integrated for 12 h to 1200 UTC 31 July and used as an initial input for WRF-EnKF. As in ZMC16, a benchmark WRF-EnKF experiment assimilates minimum sea level pressure at the TC center position [derived from the advanced Dvorak technique (ADT); Olander and Velden 2007] every hour until 1800 UTC 31 July, hereafter referred to as hurricane position and intensity (HPI).
1 The second experiment assimilates clear-sky BTs in addition to HPI, hereafter referred to as the clrBT1HPI experiment. The third experiment assimilates all-sky BTs (under both clear-sky and cloudy-sky conditions) and HPI, hereafter referred to as BT1HPI experiment. Every 6 h during the assimilation cycles, boundary and environmental conditions (i.e., outside of the 600-km circle from TC center) are blended with the perturbed FNL analysis with the transition zone that linearly increase the weight of the FNL analysis from zero at radius 600 km to 1 at radius 900 km and beyond. The relaxation to the global analysis is again designed to focus the study on the impacts of all-sky radiance assimilation to the tropical cyclone inner-core region. Deterministic forecasts from the EnKF (ensemble mean) analysis are performed every 3 h until 0000 UTC 5 August to simulate the development and intensification of Soudelor. The deterministic forecast from 1800 UTC 31 July for the BT1HPI assimilation experiment is designated as the control run for the following sensitivity experiments, and hereafter referred to as CNTL.
To differentiate the clear-sky BTs from cloud-affected BTs in the clrBT1HPI experiment, we follow the strategy that defines a threshold for the corresponding BT, denoted as BT lim , as proposed by Harnisch et al. (2016) . The impact of clouds on BT is quantified by calculating the difference between simulated first-guess BT and simulated pseudocloud-free BT model equivalent that turns off the cloud scattering and emission in the radiative transfer. Figure 2 exhibits the average impacts of the presence of clouds as a function of the first-guess BT, computed with the CNTL deterministic forecast. For channel 8, the average impact roughly increases linearly for first-guess with low BTs, while remaining around zero with high BTs. In this study, we define the BT lim for channel 8 as the BT where the linear regression line calculated with BT , 225 K crosses the y 5 0 line, which is shown as the dotted vertical line in Fig. 2 . Although not assimilated, the BT lim values for channels 9 and 10 are similarly calculated from their respective linear regression lines for BT , 235 and 245 K, respectively. Figure 2 shows 1 Note that Soudelor was a tropical cyclone over the western Pacific Ocean, which is classified as a ''typhoon,'' not a ''hurricane.'' Nevertheless, we used ''hurricane position and intensity'' or ''HPI'' in this study to keep the consistent terminologies with the previous studies that also assimilated minimum SLP (e.g., Zhang et al. 2016; Minamide and Zhang 2017). that the BT lim well separates the BTs whose value is reduced by the presence of clouds and the BTs without significant impacts of clouds. In clrBT1HPI, we assimilate the BTs only where both the observation and model prior are greater than BT lim 2 1 K.
Given the strong sensitivity of BTs to atmospheric profiles of water vapor and hydrometeors, we also perform a series of sensitivity experiments that turn off the updates of either water-related or non-water-related state variables throughout the EnKF all-sky BT assimilation cycles. In these sensitivity experiments, we assimilated all-sky BTs and HPI every hour for 6 h without updating atmospheric water vapor and hydrometeors (hereafter referred to as QOFF) or updating atmospheric water vapor and hydrometeors only (hereafter referred to as QONLY). Finally, we swap the initial conditions of atmospheric water vapor and hydrometeors (referred to as Q) and other variables (wind, temperature, dry air mass, and pressure; hereafter referred to as vortex initial conditions or V) among CNTL, QOFF, and QONLY. We also perform deterministic forecasts from each of these sensitivity experiments to examine the relative importance of initial moisture and hydrometeors profiles and dynamical vortex core on RI onset. For example, a swapping sensitivity experiment which uses the vortex initial conditions from CNTL and moisture initial condition from QOFF is referred to as VcntlQqoff. The list of swapping experiment is summarized in Table 1 . Since environmental conditions are replaced with the FNL analysis for all the experiments, CNTL, QOFF, and QONLY mostly differ within the circle of radius 600 km.
3. Analyses with and without assimilation of all-sky radiance from Himawari-8
We first compare the hourly EnKF analyses between the three observing system experiments (OSEs), that is, assimilation of all-sky BTs from channel 8 of Himawari-8 (BT1HPI), clear-sky only BTs (clrBT1HPI), and without radiance assimilation (HPI), all of which assimilate hourly interpolated ADT best track intensity Moisture initialization (all water species including moisture and hydrometeors) VqoffQcntl As in QOFF As in CNTL VcntlQqoff
As in CNTL As in QOFF VqonlyQcntl
As in QONLY As in CNTL VcntlQqonly
As in CNTL As in QONLY VcntlQqoff1cntl_awn0
As in CNTL QOFF 1 azimuthal wavenumber 0 of (CNTL 2 QOFF) in terms of minimum SLP at the observed location. Figure 3 shows the observed and simulated BTs from the 3-km domain for channel 8 after 0, 3, and 6 h assimilation cycling (verified at 1200, 1500, and 1800 UTC 31 July, respectively). The observed clear-sky BTs are hatched with crossed diagonals (Fig. 3, left column) . As expected, the finest 3-km domain that focuses on innercore structure of TCs is mostly covered by clouds. The number of BT observations assimilated in the clrBT1HPI experiment is reduced from the BT1HPI experiment roughly by a factor of 10. After the first EnKF analysis update, BT1HPI has already shown improvement over the HPI experiment in better representing high values of BTs in the northwest quadrant of the domain, and high values of BTs in the southwest corner of the domain in comparison to the observations (Fig. 3, top row) . Assimilation of BTs from the water vapor-sensitive channel 8 contributes to effectively drying the originally moist northwest quadrant, and removing spuriously simulated clouds in the southwest and southeast quadrants. The clrBT1HPI experiment is able to capture the high BT values in the northwest corner of the domain where clear sky is observed, but the overall spatial pattern of BTs is close to HPI. Continuous hourly assimilation of all-sky BTs for 3 and 6 h is able to constrain the clear-sky (both dry and moist atmosphere) and convective regions at the observed locations. Conversely, both clrBT1HPI and HPI widely spread out the convection across the entire domain except for the northwest corner (Fig. 3 , second and third rows). Figure 4 compares the BTs of channel 14 (wavelength is 11.2 mm), which is not assimilated but sensitive to particulates (i.e., cloud and land surface). The observed BTs in the convective regions that reach as low as 195 K at 1800 UTC are well represented by BT1HPI. Meanwhile, the analyzed BTs in channel 14 from clrBT1HPI and HPI are broadly covered by low clouds with considerably higher BTs. Not only does BT1HPI capture the observed clear-and cloudy-sky distribution, but it also forms comparable high clouds.
The impacts of assimilating all-sky BTs on TC innercore structures are exhibited in Fig. 5 by comparing the temporal evolution of EnKF background, analysis, and analysis increments. The dry initial inner core, in particular, from the middle to upper troposphere, is effectively moistened by the first data assimilation cycle (Fig. 5, top row) , and further develops into a moist innercore vortex through the continuous 6-hourly cycles (Fig. 5, second and third rows) . Along with moistening of the inner-core region, assimilation of all-sky BTs also contributes to strengthening of the TC vortex. Continuous hourly cycling enables the formation of a moist strong inner-core vortex, which is necessary for the development of TCs. Although the mid-to lower-tropospheric moisture is not directly sensitive to BT calculations under the existence of overwhelming clouds while the wind field is not directly used in the BT calculation, Fig. 5 shows that the flow-dependent ensemble-based covariances can update the inner-core moisture and vortex structure in a dynamically consistent manner, as shown by Fig. 1  of ZMC16 .
We further examine the impacts of assimilating BTs on the forecasts 2 of TC intensity and structure. Figure 6 compares the intensity forecasts in terms of minimum FIG. 4 . As in Fig. 3 , but for channel 14.
2 Strictly speaking this is not a forecast but a simulation since the lateral boundary conditions are derived from the GFS FNL analysis, which is designed to isolate the impact of initial conditions in the forecast. Given the large domain 1 used for WRF (Fig. 1) , the use of FNL analysis does not significantly affect the quality of the WRF forecast of Soudelor, at least not for the first 3 days (not shown).
SLP and maximum 10-m wind speed between deterministic forecasts initialized from different EnKF mean analyses. Also plotted are the deterministic forecasts from the EnKF prior mean at initial assimilation time (which did not assimilate any observations, hereafter referred to as NoDA), and two sets of best track observational intensity estimates (one provided by University of Wisconsin-Madison using ADT technique and the second by the JTWC) for comparison and reference. All deterministic forecasts from BT1HPI experiments predict the rapid deepening of Soudelor, which verified reasonably well with the storm's observed intensification rate indicated by the two best track estimates. On the contrary, none of the deterministic forecasts from clrBT1HPI, HPI, or NoDA is able to capture the RI timing and intensification rate of Soudelor, although the assimilations of HPI and clear-sky BTs slightly improve the forecasts over NoDA. The favorable environment of Soudelor still allows the clrBT1HPI, HPI, and NoDA to simulate an intensifying vortex, but their RIs are largely delayed (or absent) compared to BT1HPI and best track datasets by approximately 24-48 h. The departure of BT1HPI from clrBT1HPI, HPI, and NoDA clearly demonstrates the positive contribution of assimilating all-sky infrared BTs from a geostationary satellite to the prediction of rapidly intensifying TCs, consistent with our previous studies (ZMC16; Minamide and Zhang 2017) .
The positive impacts of all-sky BT assimilation on the analyses and forecasts of the tropical cyclone structure in terms of both dynamic and thermodynamic fields are further examined. Figure 7 examines the temporal evolution of the simulated maximum radar reflectivity, low-pass filtered 3 potential vorticity at the lower and upper troposphere of the deterministic forecasts from (Figs. 7a-c) . Snapshots of the 1.5-, 9-, and 36-h forecasts illustrate that BT1HPI is able to sustain the stronger vortex and associated convection than clrBT1HPI and HPI at all forecast times. The stronger convection in BT1HPI leads to larger latent heating, which facilitates a faster-developing TC vortex (Fig. 7 , first column). In comparison, an initially weaker TC vortex with initially weaker convection, as in clrBT1HPI and HPI, is not able to strengthen without sustained convective activity (Fig. 7, second and third columns) . The 36-h forecast from clrBT1HPI becomes slightly stronger than HPI, potentially due to better analyzed clear-sky fields but is still considerably weaker than BT1HPI. Note that at the analysis time (Fig. 7, top row) , most of the domain 3 is covered by the light-to-moderate precipitation because it represents the ensemble mean of bounded positive-definite hydrometeors fields. This unrealistic widespread precipitation soon diminishes after only 1.5 h of simulation (Fig. 7) . The comparison of infrared BTs (Figs. 3 and 4 ) and radar reflectivity (Fig. 7) suggests that our assimilation of all-sky BTs may not adequately constrain the precipitation-liquid, -snow, and -graupel variables. This is likely because infrared BTs are more sensitive to top of the cloud than the precipitating hydrometers below. These hydrometers are expected to be further improved by simultaneously assimilating more precipitation-sensitive observations such as microwave satellite radiances in the future.
In short summary, comparison of BT1HPI, clrBT1HPI, and HPI indicates that assimilation of all-sky BTs not only helps to improve the thermodynamic variables such as temperature and moisture-to which satellite BTs are directly sensitive-but also helps to update dynamical state variables such as the TC vortex initial conditions, and thus improve subsequent forecasts. The relative significance of the moisture versus initial vortex updates in Soudelor's rapid intensification is examined in the following section.
Impacts of moisture and hydrometer updates on tropical cyclone initialization a. Sensitivity experiments to updating moisture in the EnKF analysis
To further examine the impacts of assimilating BTs on analyzing the atmospheric moisture and hydrometeors, two additional data assimilation sensitivity experiments are performed. These experiments are identical to BT1HPI except that either all water-related or all nonwater-related model state variables are not updated during data assimilation. The first experiment, QOFF, does FIG. 6 . Time evolution of tropical cyclone intensity in terms of (a) minimum sea level pressure (hPa) and (b) maximum 10-m wind speed (m s
21
) for the best track datasets and different EnKF experiments forecasts (color coded). Note that in (b), the best track represents the 1-min sustained maximum wind speed, while instantaneous maximum wind speed is shown for each experiment. The analyses in the main text are based on minimum SLP, which is consistently comparable among experiments and best track datasets, but here we also show the wind speed for reference purposes. not update the water vapor or any of the liquid and solid hydrometeors in each of the hourly EnKF analysis cycles (i.e., no water, cloud, or precipitating hydrometeors are updated at all). The second experiment, QONLY, turns off the EnKF analysis updates for all nonwater model state variables (i.e., only water-related state variables are updated). These two experiments are uniquely designed to explore the importance of initial inner-core moisture analysis in the tropical cyclone prediction as highlighted in the recent study of Emanuel and Zhang (2017) .
Comparisons of QOFF and QONLY to the control experiment BT1HPI (with full 6-hourly EnKF analysis cycles; referred to as CNTL) in terms of simulated BTs of Himawari-8 AHI channels 8 and 14 from the EnKF analyses, analyzed azimuthal mean inner-core structures, forecasted TC intensities, radar reflectivity, and filtered potential vorticity are shown in Figs. 8-11 . Without the EnKF updates of any water species, the analyzed convective activity in QOFF resembles that in HPI. Both QOFF and HPI simulate a spurious convective line along 128N, while both fail to model enhanced convective activity around 156.58N and 14.58N at 1800 UTC July 31 (Fig. 8, first and third columns; also see Figs. 3 and 4) . Although updating dynamic variables does help formation of a strong vortex, similar in strength to CNTL, at 1800 UTC in the QOFF experiment, the lack of moisture update in QOFF results in the TC inner-core being much drier than CNTL and more comparable to HPI (Fig. 9) . The different representation of convective activity in QOFF, together with subsequent differences in the modeled initial tropical cyclone vortex, eventually leads to a delay in the timing of rapid intensification (RI) and an overall weaker intensity than in CNTL (light blue vs dark red lines in Figs. 10a and 10c ). More specifically, QOFF lacks convective activity surrounding the TC vortex (Fig. 11, first column) , which likely contributes to QOFF being more vulnerable to environmental influences such as vertical wind shear. After 9 h of integration, the TC vortex 
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Even with only the water vapor updates during the EnKF analysis, QONLY well captures the observed pattern of clear-/cloudy-sky distribution (Fig. 8, second and fourth columns; see also Figs. 3 and 4) . In Fig. 9 (third and fourth columns), QONLY's TC inner core is overall much moister than in HPI at 1800 UTC 31 July, although it still fails to analyze a moist upper troposphere within the 50-km radius from the vortex center. Meanwhile, the modeled wind field is clearly too weak and inferior to BT1HPI. Likely resulting from the lack of a sufficiently strong primary circulation, the TC vortex of QONLY fails to capture the intensification rate of Soudelor (Figs. 10b,d) . Even with the initially active convection, QONLY is not able to sustain the active convection to develop a strong vortex (Fig. 11, second  column) . Thus, a deficient update of either dynamic variables or water variables during the data assimilation cycles will potentially degrade the EnKF analyses and subsequent forecasts. In other words, assimilation of allsky BTs with flow-dependent error covariances is demonstrated here to have great potential for considerably improving the TC analysis and forecast through better constraining and updating not only the water vapor but also the other dynamic state variables.
b. Impacts of vortex and/or moisture initialization
To further evaluate the relative importance of vortex versus moisture initialization on Soudelor's intensification and forecasts, we perform several additional sensitivity experiments whose initial conditions are swapped among experiments CNTL, QOFF, and QONLY after the final analysis cycle of 1800 UTC July. We first import the analyses of all water-related variables (i.e., water vapor, cloud water, rainwater, ice, snow and graupel mixing ratio) from the CNTL EnKF analysis mean to replace those in QOFF but otherwise keep the analyses of all other state variables the same as in QOFF. This new experiment is hereafter referred to as VqoffQcntl, which is designed to examine how much is gained exclusively through updating water-related (state) variables from EnKF assimilation of all-sky BTs. The moisture and vortex initializations of swapping sensitivity experiments are also listed in Table 1 . Note that the initial dynamical adjustments in these swapping experiments do not significantly differ from the corresponding original forecasts, since the adjustments are mostly dominated by the initializations of non-water-related state variables. The temporal evolutions of intensities, radar reflectivity and filtered potential vorticity for this experiment are compared in Figs. 10 and 11 . In comparison to the original QOFF EnKF experiment without updating the moisture state variables, the forecast experiment VqoffQcntl drastically improves the forecast over QOFF (Figs. 10a,c) . The TC vortex in VqoffQcntl intensifies almost identically to that of CNTL for the first 24 h. The development is slightly faster than CNTL thereafter but the tropical cyclone eventually reaches a comparable intensity with CNTL at the matured stage. In particular, as shown in Fig. 11 (first and third columns), the use of improved initial conditions in water-related variables in VqoffQcntl is able to successfully develop more enhanced and sustained deep convection than in QOFF. Both QOFF and VqoffQcntl do simulate nearly identical vortices at 1.5 h of the forecast, but more enhanced convection enables VqoffQcntl to develop a stronger and less-tilted vortex than QOFF at subsequent forecast times, which eventually leads to earlier development and intensification of Soudelor.
Conversely, we replace all the nonwater variables (i.e., wind velocity, pressure, temperature, dry air mass, and geopotential) in QOFF with those from CNTL while retaining the analyses of all water vapor and hydrometeors (or the lack of the update) as a new experiment, VcntlQqoff (Table 1) . Although initialized with the same vortex as CNTL, the poorer moisture fields of QOFF largely degrade the forecast from VcntlQqoff compared to CNTL (Figs. 10a,c) . The convective activity in the inner-core regions of VcntlQqoff is slightly more enhanced than in QOFF, potentially by a better CNTL vortex that is consistent with the observed convective activity, but clearly to a much lesser degree, and with a larger vortex tilt than CNTL (Fig. 11, first and fourth columns). Likely because of less active inner-core convection, the TC vortex in VcntlQqoff intensifies almost identically to QOFF, which is much weaker than CNTL. These results again indicate that updating moisture and hydrometers through the EnKF assimilation cycles helps forecasts better capture observed convective activity. Additionally, assimilation of all-sky infrared radiances can help develop a more resilient and stronger TC vortex that facilitates subsequent development and rapid intensification.
Given the inability for experiment VcntlQqoff to reach the same maximum intensity as in CNTL, we further modify the moisture initialization in VcntlQqoff to be closer to that in CNTL. More specifically, we add the azimuthal wavenumber-0 structure of the moisture difference between CNTL and QOFF to VcntlQqoff (hereafter referred to as VcntlQqoff1cntl_awn0; Table 1 ) to examine whether the representation of azimuthal wavenumber-0 component of moisture is sufficient to predict the RI process as forecasted in CNTL. In other words, CNTL and VcntlQqoff1cntl_awn0 only differ in moisture and hydrometeor variables in wavenumbers other than 0. In this case, the moisture structures of CNTL and QOFF mainly differ in the midtroposphere and boundary layer, whose structures are dominated by the axisymmetric component (not shown). This experiment is designed following Emanuel and Zhang's (2017) study, which showed that the large sensitivity of TC intensity on fully asymmetric perturbed moisture initializations with the WRF model can be comparably reproduced by perturbing initial moisture conditions with an axisymmetric TC model. Indeed, as shown in Figs. 10a and 10c, VcntlQqoff1cntl_awn0 intensifies very comparably with CNTL, indicating the dominant contribution of azimuthal wavenumber-0 moisture component to capture the RI onset in this case. We have also performed additional experiments that add the azimuthal wavenumber-1 and -2 components of initial moisture differences in addition to azimuthal wavenumber-0 component, but their results do not significantly differ from VcntlQqoff1cntl_awn0 (not shown). These sensitivity experiments highlight the large impacts of wavenumber-0 midtroposphere and boundary layer moisture on TC prediction, at least at this stage of Soudelor. Figure 12 compares the temporal evolution of the vortex tilt (i.e., the distance between the center of the filtered PV fields at 400 and 850 hPa) and the deep-layer vertical wind shear magnitude between 300-and 600-km radius [the choices of the vertical layers and horizontal extent for evaluating these quantities is analogous to past studies of Zhang and Tao (2013) , Zhang (2014, 2015) , and Munsell et al. (2017) ]. In first 6 h, the vortex tilt of QOFF and VcntlQqoff starts to deviate from CNTL, VqoffQcntl, and VcntlQqoff1cntl_awn0, although their vertical wind shear magnitudes are similar in first 6 h. After 12 h, the vertical wind shear magnitudes of QOFF and VcntlQqoff also become larger than the other experiments, as part of their tilted vortices themselves are included in the calculation of near-TC environmental vertical wind shear. Thus, it is suggested that the lack of convection in QOFF and VcntlQqoff leads to the vortex being more vulnerable to environmental conditions, and more slanted by the surrounding vertical wind shear. The alignment of QOFF and VcntlQqoff is largely delayed as the more tilted vortices struggle to realign.
Positive feedbacks between moist convection and a stronger vortex, through air-sea exchanges (Emanuel 1995; Zhang and Emanuel 2016) , help the TC vortex to develop from the lower to upper troposphere. Figure 13 shows the vertical distribution of inner-core relative humidity, relative vorticity, and perturbation potential temperature. The inner-core structures CNTL, VqoffQcntl, and VcntlQqoff1cntl_awn0 subsequently are able to develop a much stronger vortex (Fig. 13, first  column) . This results in approximately 24 h earlier formation of a warm core (Fig. 13, second column) . In other words, the negative feedbacks between lack of convective heating and a more vulnerable, more expanded, and more slanted TC vortex leads to a delayed intensification of Soudelor.
We have also conducted forecast experiments VqonlyQcntl and VcntlQqonly that retain the analysis of all state variables in QONLY but replace all water species or all nonwater variables with CNTL, respectively ( Table 1) . As is the case for experiments VqoffQcntl and VcntlQqoff, the TC intensities forecasted by VqonlyQcntl and VcntlQqoff are similar to their original initializations of nonupdated variables (Figs. 10b,d ). With QONLY's well-represented moisture and poorly analyzed vortex, VqonlyQcntl intensifies the TC almost identically to original QONLY, while VcntlQqonly significantly improves the forecast over both QONLY and VqonlyQcntl and becomes almost identical to CNTL. Thus, at least in this case, the update in moisture variables are not sensitive to simultaneously updating other dynamic state variables (i.e., CNTL) or not (i.e., QONLY), and both moisture initializations sufficiently moisten the vortex of CNTL to intensify approximately at the observed RI rate of Soudelor. These results further indicate that assimilation of all-sky satellite BTs is shown to be able to constrain the inner-core moisture and related convection.
Despite using the same initial TC vortex, there is a large difference in TC intensity forecasts between experiments such as CNTL, VcntlQqonly, VcntlQqoff, and VcntlQqoff1cntl_awn0. These differences, as large as 30 hPa or 15 m s 21 , are due mostly to whether or not water species in the state variables are updated in the EnKF assimilation of all-sky radiances. This result, in turn, further demonstrates the importance of moisture initialization as a significant source of forecast uncertainty, which is consistent with recent findings of Emanuel and Zhang (2017) . Moreover, VqoffQcntl and VqonlyQcntl, which have the same initial moisture content but with quite different initial vortex structure and intensity, also undergo quite different intensity evolutions. Better initialization of both atmospheric moisture and vortex initial conditions is necessary to simulate the inner-core development with enhanced convective activity, and thus the RI onset of Soudelor. Although moist convection is chaotic in nature with limited predictability, improved representation of innercore vortex, water vapor, and hydrometeors is indicated FIG. 12 . Time evolution of (a) vortex tilt and (b) deep-layer shear magnitude, color-coded for each experiment as shown in the figure. Vortex tilts are computed as the distance between the vortex centers at 400 and 850 hPa. Deeplayer shear magnitudes are the mean vertical wind shear between 200 and 850 hPa at 300-to 600-km radii from the vortex center. All vortex centers are the maximum grid point of low-pass filtered potential vorticity field whose scales of smaller than 200 km is cut by two-dimensional Fourier decomposition.
to facilitate the TC vortex development and subsequent rapid intensification.
Concluding remarks
The potential impacts of assimilating all-sky satellite brightness temperatures on tropical cyclone forecasts have been investigated through a series of convectionpermitting EnKF analysis and forecast sensitivity experiments for Supertyphoon Soudelor (2015) . This study applies a set of assimilation strategies proposed for allsky satellite BTs to the real observations from the newgeneration geostationary satellite Himawari-8. The assimilation of water vapor channel 8 (6.19 mm) from Himawari-8 demonstrates promising impacts on the analysis and forecast of tropical cyclones. The assimilation of BTs using the EnKF leads to improved analysis of the distribution of convection embedded in the tropical depression. The deterministic forecasts based on this analysis are able to capture Soudelor's rapid intensification. The sensitivity experiments in which waterand non-water-related variables are not updated during the assimilation of BTs reveal the importance of better representing both the vortex and moisture through satellite BT assimilation. Assimilation of BTs helps to constrain convective activity, as well as to develop a more resilient TC vortex. The timing of rapid intensification (RI) onset and matured intensity is found to be sensitive to moisture initializations comparably with vortex initializations. Although the predictability of convection is relatively limited compared to vortex-scale flow, BT assimilation enables the occurrence of convection for the first couple of hours to be better captured. The impacts of inner-core convection are accumulated within the vortex, acting to further constrain subsequent convective activity that eventually leads to RI onset.
Numerous studies have pointed out the chaotic nature of convection as a source of forecast uncertainty for RI of TCs. While some idealized case studies have shown the strong sensitivity of RI even to almost undetectably tiny differences in moisture initializations (e.g., Emanuel and Zhang 2017; Tao and Zhang 2014; Zhang and Tao 2013) , the sensitivity experiment in this study, in which the axisymmetric component of the moisture field within the TC vortex was changed, suggests the importance of the azimuthal wavenumber-0 moisture structure in the midtroposphere and boundary layer. However, the distribution of moisture, and its potential impacts, might vary greatly from case to case. Further investigation of the processes of moist convection occurring within a vortex, with respect to the moisture initialization as well as to the vortex structure, is required. These include, but not limited to, comparing the difference with ensemble analysis and forecast uncertainties that will allow us to evaluate the significance of the impacts of moisture initializations. More systematic analysis with a large number of cases will be conducted to reveal the necessary phenomena to accurately simulate the RI onset, and to make more advances in TC forecasting with the assimilation of all-sky infrared BT.
